f Francisella bacteria cause severe disease in both vertebrates and invertebrates and include one of the most infectious human pathogens. Mammalian cell lines have mainly been used to study the mechanisms by which Francisella manipulates its host to replicate within a large variety of hosts and cell types, including macrophages. Here, we describe the establishment of a genetically and biochemically tractable infection model: the amoeba Dictyostelium discoideum combined with the fish pathogen Francisella noatunensis subsp. noatunensis. Phagocytosed F. noatunensis subsp. noatunensis interacts with the endosomal pathway and escapes further phagosomal maturation by translocating into the host cell cytosol. F. noatunensis subsp. noatunensis lacking IglC, a known virulence determinant required for Francisella intracellular replication, follows the normal phagosomal maturation and does not grow in Dictyostelium. The attenuation of the F. noatunensis subsp. noatunensis ⌬iglC mutant was confirmed in a zebrafish embryo model, where growth of F. noatunensis subsp. noatunensis ⌬iglC was restricted. In Dictyostelium, F. noatunensis subsp. noatunensis interacts with the autophagic machinery. The intracellular bacteria colocalize with autophagic markers, and when autophagy is impaired (Dictyostelium ⌬atg1), F. noatunensis subsp. noatunensis accumulates within Dictyostelium cells. Altogether, the Dictyostelium-F. noatunensis subsp. noatunensis infection model recapitulates the course of infection described in other host systems. The genetic and biochemical tractability of the system allows new approaches to elucidate the dynamic interactions between pathogenic Francisella and its host organism.
T
he genus Francisella comprises Gram-negative, facultative intracellular bacteria that infect a wide range of species, including protozoa, invertebrates, and vertebrates (1) (2) (3) . Francisella species can be divided into two lineages represented by Francisella tularensis, causing potentially fatal tularemia in humans, and Francisella noatunensis, infecting aquatic animals (4-6). The high infectivity (Ͻ10 CFU lethal dose) of F. tularensis (7) and its potential use for biological warfare (8) has generated increasing interest during the last decade in dissecting the interactions between pathogenic Francisella and its host at both the cellular and organism levels.
F. noatunensis shares high infectivity and a common core set of genes with the human pathogen F. tularensis (6) . F. noatunensis is divided into two subspecies, F. noatunensis subsp. noatunensis and F. noatunensis subsp. orientalis, causing major problems in aquaculture based on Atlantic cod and tilapia, respectively (9) . F. noatunensis subsp. orientalis generally causes a more aggressive disease, with up to 95% mortality (10) . In Atlantic cod, its natural host, F. noatunensis subsp. noatunensis commonly causes a chronic systemic disease with tularemia-like symptoms, including granulomas in skin and internal organs (11) . Preliminary studies in Atlantic cod cells suggest that the infection of phagocytic cells recapitulates the infection of mammalian macrophages with F. tularensis (12) .
Francisella is able to invade and replicate in both phagocytic and nonphagocytic cell types, with macrophages being the predominant target cells (8, 13) . After cell entry, the Francisella-containing phagosome interacts with the endosomal pathway and is transiently acidified (14) (15) (16) . Subsequently, the bacteria escape the phagosome into the cytosol, thereby avoiding phagolysosomal fusion and degradation (14, 15, 17, 18) . Within the cytosol, Francisella replicates extensively, a process that leads to the death of human and murine macrophages in vitro and the release of bacteria, which can reinfect new host cells (19, 20) . Inside the macrophage cytosol, Francisella has been shown to be targeted for autophagic degradation by ubiquitination and recruitment of p62 (21) ; however, the role of autophagy in Francisella infections is still disputed and varies between host cell models. In human macrophages, F. tularensis avoids autophagic degradation (21) (22) (23) but is able to exploit the autophagic process by harvesting amino acids from degraded material (24) . In murine macrophages, bacteria can reenter autophagic vacuoles after cytosolic replication, which has been suggested to help bacterial egress (25) .
The virulence mechanisms of Francisella are still poorly understood despite thorough examination in many different hosts (26) . The most prominent set of virulence genes is encoded within the 30-kb Francisella pathogenicity island (FPI) (27, 28 (29, 30) . The incomplete assembly of the F. noatunensis subsp. noatunensis genome suggests that the F. noatunensis subsp. noatunensis genome contains a single FPI (GOLD analysis [92] project identifier [ID] , Ga0010024). Knockout mutants of most FPI genes display attenuated intracellular growth, often accompanied by an inability to escape the phagosome (31) (32) (33) (34) . Notably, deletion of intracellular growth locus C (iglC) blocks escape from the phagosome and causes failure to induce apoptosis and downregulation of host signaling (20, 35, 36) . IglC is suggested to form the inner tube of a type 6 secretion system but is also secreted into the host cell cytosol (37) . Expression of iglC is highly upregulated during intracellular growth (38) , and intriguingly, IglC is the most abundant protein identified in outer-membrane vesicles (OMVs) secreted by F. noatunensis subsp. noatunensis (39) .
Several infection models are available to study Francisella infection in vivo (40) and in vitro (18, 41) . Among animal models, mice are predominantly used, due to the wide spectrum of available genetic tools, but their susceptibilities to different F. tularensis strains differ drastically from those of humans (7, 40, 42) . Research on intracellular aspects of Francisella infection is predominantly performed in vitro using human and murine macrophages. However, these host cell models show major differences in their responses to Francisella infection, such as inflammatory cytokine production (41, 43) , as well as different interactions with the autophagic pathway (21, 25) . Therefore, the development of alternative infection systems to study Francisella gained special interest, as indicated by the rising number of models, i.e., Drosophila melanogaster (in vivo and in vitro) (44, 45) , zebrafish (46, 47) , and amoeba (1, 3) . These models may not present all features of the natural host infection, but they complement the currently used systems on the organism and cellular levels. They also have the power to reveal conserved bacterial and host strategies independent of specific model systems.
Amoebae are suggested to be the natural reservoir for waterborne tularemia, supported by the ability of F. tularensis and F. novicida to survive and replicate within the amoebae Acanthamoeba castellanii (1, 3, 48) and Hartmannella vermiformis (3), respectively. It has been suggested that bacterial virulence in amoebae and macrophages is mediated by similar mechanisms. For example, IglC is essential for Francisella survival and growth in both systems (49) . A similar principle is conserved in Legionella infections (50) .
In this study, we established a Francisella infection model using the amoeba Dictyostelium discoideum as a surrogate macrophage and F. noatunensis subsp. noatunensis, which has an optimal growth temperature similar to that of the Dictyostelium host, as a pathogen. Basic processes of host-pathogen interactions, such as phagocytosis, phagosomal maturation, and autophagy, are evolutionarily well conserved and very similar between Dictyostelium and macrophages (51) (52) (53) . The easy and cheap handling in the laboratory, as well as the vast availability of Dictyostelium mutant strains, makes the amoeba a useful tool to dissect host-pathogen interactions. Dictyostelium is successfully established as a model to dissect host-pathogen interactions using a wide range of pathogenic bacteria, such as Legionella, Mycobacterium, and Pseudomonas (54) (55) (56) . Our study shows that infection of Dictyostelium with F. noatunensis recapitulates the cellular aspects of Francisella infection of mammalian macrophages and presents a useful model to map the interactions between pathogenic Francisella bacteria and their phagocytic host cells.
MATERIALS AND METHODS
Host cells, bacterial strains, and culture conditions. Wild-type (wt) Dictyostelium cells (Ax2) were cultured axenically as described previously (55) . Dictyostelium ⌬atg1 cells have been described (57) . F. noatunensis subsp. noatunensis isolated from diseased Atlantic cod (Gadus morhua L.) in Norway were transformed with a green (pKK289km::gfp) (58) or red (pKK289km::mCherry) fluorescent plasmid and were grown as described previously (46) Construction of the F. noatunensis subsp. noatunensis ⌬iglC mutant and the F. noatunensis subsp. noatunensis iglC ؉ complementation strain. The method used to construct the F. noatunensis subsp. noatunensis ⌬iglC knockout construct was derived from Golovliov et al. (18) and is similar to the knockout construction done by Lindgren et al. (59) . The primers are listed in Table S1 in the supplemental material. In short, the two ϳ1,100-bp flanking regions of iglC were amplified using primers P1 to P4, and the PCR products were fused together through splicing by overhang extension (SOE) PCR (see Table S1 in the supplemental material, P1 and P4). The resulting knockout construct was ligated into the pGEM-T Easy vector (Promega, Madison, WI, USA) and further subcloned into the pDMK2 vector (60) using the restriction enzymes Fast Digest NotI and Fast Digest MluI (Life Technologies, Carlsbad, CA, USA). The final pDMK2::⌬iglC construct was transformed into electrocompetent Escherichia coli S17-1 (61) .
E. coli S17 pDMK2::⌬iglC was grown to an optical density at 600 nm (OD 600 ) of 0.4 to 0.5. F. noatunensis subsp. noatunensis was cultured for 2 days at 20°C and 100 rpm, and the OD 600 was adjusted to 1. Both F. noatunensis subsp. noatunensis and E. coli were pelleted and resuspended in phosphate-buffered saline (PBS), and conjugation suspensions of F. noatunensis subsp. noatunensis and E. coli were deposited as 50-l drops onto ECFA plates (62) and incubated at 20°C overnight. The colony material was washed once in PBS before being resuspended in PBS, spread on ECFA plates containing 10 g/ml kanamycin and 75 g/ml polymyxin, and incubated at 20°C. Colonies appeared after 2 weeks and were screened with primer sets P2 plus P5 and P1 plus P6. The resulting strain, F. noatunensis subsp. noatunensis pDMK2::⌬iglC, was suspended in PBS, and 10-fold dilutions were plated onto ECFA containing 5% sucrose and incubated at 20°C. Colonies appeared after 2 weeks and were screened with primer set P5 plus P7 and F. noatunensis subsp. noatunensis groEL primers P8 and P9. Sequencing verified an in-frame deletion, and quantitative PCR (qPCR) with primers Q13 to Q16 confirmed no polar effects on the flanking genes, iglB and iglD.
The iglC gene was amplified with an Expand Long Range polymerase kit (Roche, Basel, Switzerland) and primers P10 and P11 using genomic DNA (gDNA) from F. noatunensis subsp. noatunensis wt as the template. iglC was ligated into pKK289Km (63) after digestion of the PCR product and the expression plasmid pKK289Km::gfp with the restriction enzymes NdeI and EcoRI (New England BioLabs Inc., Ipswich, MA, USA). The insert sequence was verified by Sanger sequencing using an Applied Biosystems sequencer at the University of Oslo. Transformation of pKK289Km::iglC into F. noatunensis subsp. noatunensis ⌬iglC was per-formed essentially as described by Bakkemo et al. (12) , and the product was designated F. noatunensis subsp. noatunensis ⌬iglC ϩ . Plaque assay. Five hundred microliters of Klebsiella and 1,000 ml of F. noatunensis subsp. noatunensis and F. noatunensis subsp. noatunensis ⌬iglC cultures were centrifuged for 15 min at 5,000 ϫ g and 10,000 ϫ g, respectively. The pellets were washed twice with Sørensen buffer (2 g/liter KH 2 PO 4 , 0.29 g/liter Na 2 HPO 4 ; pH 6), and the resuspended bacteria were mixed with 50 Dictyostelium cells in Sørensen buffer. The Dictyosteliumbacteria suspensions were spread on separate starvation plates (Sørensen buffer plus agar) and dried. The plates were incubated at 21°C and observed regularly for plaque formation on the following days.
Infection assay. F. noatunensis subsp. noatunensis was grown until it reached the exponential growth phase (64) . Bacteria (multiplicity of infection [MOI] ϭ 30) were washed and resuspended in HL5-C (ForMedium, Hunstanton, United Kingdom) for infection. Dictyostelium cells were grown without antibiotics to a confluence of 80 to 100%. On the day of infection, bacteria were centrifuged onto the cell monolayer at 100 ϫ g and 21°C for 30 min using swing-out rotors and subsequently left to phagocytose for 5 min. Free bacteria were washed off with HL5-C. Finally, the infected cells were seeded in 10-cm tissue culture dishes at various time points and cell numbers (2, 4, and 6 h postinfection [hpi], 1 ϫ 10 7 ; 24 hpi, 4.5 ϫ 10 6 ; 48 hpi, 2 ϫ 10 6 ). At each time point, the cells were resuspended, counted, and either fixed to examine the infection by microscopy and flow cytometry or frozen at Ϫ20°C to measure genome equivalents by qPCR. For flow cytometry, 1 ϫ 10 6 cells were centrifuged (500 ϫ g; 2 min; room temperature) in fluorescence-activated cell sorter (FACS) tubes and fixed with 4% paraformaldehyde (PFA) in Sørensen buffer for 1 h at room temperature or at 4°C overnight. Fixation was stopped with 100 mM glycine-PBS for 5 min. For manual counting of the bacterial load by widefield fluorescence microscopy (Carl Zeiss AG, Oberkochen, Germany, and Olympus Europa Holding GmbH, Hamburg, Germany), a minimum of 100 Dictyostelium cells were scored and categorized. For flow cytometry analysis, the green fluorescence representing bacteria was expressed as the number of relative fluorescence units (RFU) per unit volume (milliliter) of cell culture. Therefore, the infection rate was multiplied by the Dictyostelium cell growth (cells per milliliter) to obtain the number of infected cells per milliliter. This value was multiplied by the mean green-fluorescence (FL-1) value of Francisella bacteria only, which was calculated as the mean FL-1 of infected cells minus the mean FL-1 of noninfected cells. All samples were analyzed at the same fluorescence detector settings. At least 40,000 cells were analyzed per sample using a FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA). Calculations were done in Excel and GraphPad Prism (GraphPad Software Inc., La Jolla, CA, USA).
In association studies of fixed samples, positive associations with p80 and VatA were verified when bacteria were fully enclosed within a p80-or VatA-positive vacuole. Positive ubiquitin association was counted when the bacteria were coated with longitudinal patches or full rings of ubiquitin. Adjacency of ubiquitin dots was not considered.
Antibodies. Mouse primary antibodies against the following antigens were obtained: p80 (65) from P. Cosson (University of Geneva, Geneva, Switzerland), VatA (66) from M. Maniak (Kassel University, Kassel, Germany), and FK2H (anti-polyubiquitinylated conjugates) from Enzo (Farmingdale, NY, USA). Rabbit polyclonal antibody against green fluorescent protein (GFP) was bought from MBL International (Woburn, MA, USA). Secondary antibodies were goat anti-rabbit or anti-mouse coupled to Alexa Fluor 488 and 558, respectively (Invitrogen, Carlsbad, CA, USA).
Immunolabeling. Immunolabeling for microscopy was performed on coverslips as described previously (67) . Primary antibodies were used as followed: p80/VatA, 1:10; ubiquitin, 1:1,000, and GFP, 1:1,000. Secondary antibodies were used at 1:1,000.
For flow cytometry analysis, PFA-fixed cells were blocked (0.5% fetal calf serum [FCS] , 0.1% Triton in PBS for 20 min), centrifuged (500 ϫ g; 5 min; room temperature), and incubated in primary antibody solution (␣-GFP; 1:1,000 in blocking solution) for 1 h. After two washes with blocking solution, the cells were stained for 1 h with secondary antibody solution (goat ␣-rabbit 488), washed twice, and resuspended in PBS for flow cytometry analysis.
Live imaging. For live imaging, infected cells were placed in a 35-mm -dish (Ibidi, Martinsried, Germany) at the appropriate times of infection in filtered HL5-C medium. Imaging was performed with either an Olympus IX81 wide-field fluorescence microscope (Olympus Europa Holding GmbH, Hamburg, Germany) equipped with a 60ϫ UPlanSApo oil immersion objective (numerical aperture [NA] 1.35) at 21°C with 10-s intervals or a Zeiss LSM 5 live confocal microscope (Carl Zeiss AG, Oberkochen, Germany) with a 100ϫ Europlan Apochromat oil immersion objective (NA 1.4), a diode laser 488, and a DPSS (diode-pumped solid-state) laser 561 (single-track mode; 1 airy unit [a measure of pinhole radius size]; dual-band filter [500 to 545 band pass, 575 long pass]). Brightness and contrast were adjusted on complete images using ImageJ (68) .
Cryofixation, chemical fixation, and transmission electron microscopy. Infected cells were cryofixed in an EM HPM100 high-pressurefreezing machine (Leica Microsystems, Vienna, Austria) (69) using cellulose capillary tubes (a kind gift from Heinz Schwarz) (70), Freeze substitution (Balzers FSU 010; Bal-Tec, Balzers, Liechtenstein) was performed as described by Leonidova et al. (71) . Subsequently, samples were embedded in Epon resin (Fluka, St. Louis, MO, USA) or LR White resin (Electron Microscopic Sciences, Hatfield, PA, USA) as described by the manufacturers. Sections (70 nm) were examined using a CM100 transmission electron microscope (Philips, Eidhoven, Netherlands). For imaging, a Quemesa transmission electron microscopy (TEM) charge-coupled-device (CCD) camera and iTEM software v 5.1 (both from Olympus Soft Imaging Solutions, Münster, Germany) were used.
For chemical fixation, infected cells were fixed with 2% glutaraldehyde (GA) and 1% PFA in HL5-C for 2 h at room temperature. Subsequently, the cells were postfixed with 2% GA-sodium cacodylate (0.1 M) and finally stained with 2% OsO 4 and 1.5% K 3 Fe(CN) 6 . Before dehydration with ethyl alcohol (EtOH), samples were stained with 1.5% uranylacetate for 30 min. Finally, the cell pellets were embedded in Epon, and sections were prepared and examined as described above for cryofixed samples (for a detailed description of the method, see the supplemental material).
Zebrafish embryo maintenance. Zebrafish (Danio rerio) AB wt embryos were obtained from the Zebrafish Laboratory facility at the Norwegian University of Life Science. The embryos were dechorionated manually at 30 h postfertilization, transferred to fresh embryo water, and kept at 28°C before injections. All embryos were kept at 22°C after injections, and the water was changed at least every second day. Phenyl-2-thiourea (PTU) (Sigma-Aldrich, St. Louis, MO, USA) was added to the embryo water to a concentration of 0.003% (wt/vol) to reduce pigmentation for imaging purposes.
Zebrafish embryo microinjections. Preparation of bacteria and intravascular microinjections of 1 nl into the duct of Cuvier were performed as described previously (46) . The F. noatunensis subsp. noatunensis wt and ⌬iglC strains used for zebrafish embryo microinjections expressed GFP in trans, and F. noatunensis subsp. noatunensis ⌬iglC ϩ expressed IglC in trans. The number of injected CFU was determined by plating 10-fold serial dilutions from the injection solution, as described previously (46), and was found to be 2.2 ϫ 10 3 to 3.5 ϫ 10 3 CFU per injection. A control group was injected with sterile PBS (pH 7.4). Each group consisted of at least 30 embryos. Two embryos per group were imaged on days 2, 4, and 6 postinjection according to the protocol described for the Leica DM IRB (46) . Samples for DNA extraction (see below) were taken at 3 and 7 days postinfection (dpi). The experiment was terminated at 7 dpi.
Sampling and DNA extraction from zebrafish embryos and Dictyostelium. On days 3 and 7, zebrafish embryos (12 from each group) were euthanized with an overdose of tricain (200 to 300 g/ml), after which they were split into samples consisting of three embryos per tube, the liquid was replaced with 200 l RNALater, and the samples were stored at 4°C until DNA extraction. For isolation of genomic DNA from Dictyostelium, 5 ϫ 10 6 cells were collected at appropriate time points and stored at Ϫ20°C. Genomic DNA was extracted with a Qiagen DNeasy blood and tissue kit (Qiagen, Venlo, Netherlands) according to the protocol for animal tissues (spin column protocol).
Francisella-specific quantitative PCR. Five microliters of gDNA was used as the template for qPCR in a 20-l reaction mixture using LightCycler 480 SYBR green I Master mix (Roche, Basel, Switzerland) and a Lightcycler 480 qPCR machine (Roche) according to the manufacturer's instructions. Samples were run in duplicate, and samples from 5 Dictyostelium infection experiments were used for quantification via qPCR. F. noatunensis subsp. noatunensis-specific primers (see Table S1 in the supplemental material, Q9 and Q10) for quantification of F. noatunensis subsp. noatunensis genomes were obtained from Duodu et al. (72) . F. noatunensis subsp. noatunensis, genome equivalents were obtained by normalization of the F. noatunensis subsp. noatunensis-specific gene to Dictyostelium rnlA as a reference gene (73) . Dictyostelium cell growth was included by multiplying F. noatunensis subsp. noatunensis genome equivalents by the Dictyostelium growth factor. For zebrafish experiments, 1 ng F. noatunensis subsp. noatunensis gDNA was used as an equilibrator in the qPCR run, and absolute quantification was performed so that 20 fg corresponded to 10 F. noatunensis subsp. noatunensis genome equivalents, as described previously (72) .
RT-PCR of autophagy-associated genes. For reverse transcription (RT)-PCR analysis of atg8 and p62, F. noatunensis subsp. noatunensis wtinfected and mock-treated cells were lysed with TRIzol (Life Technologies, Carlsbad, CA, USA) at the indicated time points. RNA extraction was performed using the PureLink RNA minikit (Life Technologies) according to the manufacturer's instructions for TRIzol extraction. For subsequent cDNA synthesis, the Maxima First Strand cDNA synthesis kit (Thermo Scientific, Waltham, MA, USA) was used according to the manufacturer's instructions. The cDNA was diluted 1:10 in nuclease-free water, and 5 l of each sample was used as the template in an RT-PCR with the same setup and machine as described for Francisella-specific qPCR. Primers for GAPDH, atg8, and p62 are listed in Table S1 in the supplemental material. Samples were run in duplicate, and samples from 4 F. noatunensis subsp. noatunensis wt infection experiments were analyzed. The resulting data were analyzed using the ⌬⌬C T method with gapdh as a reference gene.
RESULTS
Dictyostelium does not feed on F. noatunensis subsp. noatunensis. To monitor whether Dictyostelium can use Francisella as a food source, we examined Dictyostelium growth on a lawn of bacteria using the plaque assay, as established by Cosson et al. (54) . When seeded on a dense lawn of nonpathogenic Klebsiella aerogenes, Dictyostelium cells were able to grow and form plaques (Fig. 1A ) after 4 days. In contrast, Dictyostelium was not able to form plaques when placed on a lawn of F. noatunensis subsp. noatunensis wt bacteria (Fig. 1B) . These observations suggest that Dictyostelium is not able to utilize Francisella as a nutrient source, in contrast to food bacteria, like Klebsiella. As with other pathogenic bacterial species, this could result from bacterial evasion of the degradative phagosomal maturation pathway (55) .
Francisella persists and replicates in Dictyostelium. Dictyostelium cells were allowed to ingest GFP-expressing F. noatunensis subsp. noatunensis wt bacteria in a synchronous fashion, and subsequently, the number of bacteria per Dictyostelium cell was monitored up to 48 hpi (Fig. 1C) . Manual counting of the bacterial load per single cell using fluorescence microscopy revealed that the percentage of infected cells decreased gradually from 86.2% (1 hpi) to 11.7% (48 hpi). In the early phase of the infection, until 6 hpi, the proportion of cells containing more than 3 bacteria decreased from 53.1% to 20.3% infected cells. However, in the late phase (24 to 48 hpi) the proportion of cells with more than 3 bacteria increased to 32.2% (24 hpi) and 36.7% (48 hpi), respectively (Fig. 1C) . Taking into account that Dictyostelium and Francisella possess similar generation times of approximately 8 h in culture (62, 74) , these data indicate that the total number of bacteria starts to increase at 24 hpi.
The Francisella virulence factor IglC has been shown to be an essential bacterial factor to escape phagosomal maturation (33, 75) , which is crucial for bacterial persistence in the host cell. iglC is located in the iglABCD locus (Fig. 1D) within the FPI, which displays the highest similarity to those of F. philomiragia (ϳ96% identity) and F. noatunensis subsp. orientalis (88% to 96.7%). The igl sequence identity between F. noatunensis subsp. noatunensis and the F. tularensis lineage ranges from 81.1% to 85.8% ( Fig. 1D ; see Fig. S1 in the supplemental material). We generated an F. noatunensis subsp. noatunensis iglC knockout strain (⌬iglC) and compared the fate of this mutant to that of wt bacteria in Dictyostelium cells (Fig. 1C and E) . The initial loads of bacteria per cell were very similar for F. noatunensis subsp. noatunensis wt and ⌬iglC at 1 hpi (85.6 and 84.6%, respectively). In contrast to the wild type, the number of infected cells, as well as the number of ⌬iglC bacteria per cell, dropped rapidly at 4 hpi (wt, 64.2%; ⌬iglC, 13%). Eventually, intracellular ⌬iglC bacteria almost disappeared from the Dictyostelium culture, indicated by low infection rates at 24 (3.5%) and 48 (0.6%) hpi. Surprisingly, the plaque assay revealed that amoebae were not able to grow on a lawn of the ⌬iglC strain (not shown).
In addition to quantitative fluorescence microscopy of single cells, we applied flow cytometry analysis, which allowed us to quantitatively analyze the fluorescence of a large number of cells at different time points (see Fig. S2 in the supplemental material). As indicated by the bacterial count using microscopy, flow cytometry analysis revealed that Dictyostelium cells infected with wt Francisella showed a 2-fold increase in fluorescence over time, indicating growth of GFP-expressing F. noatunensis subsp. noatunensis (Fig.  1F) . In contrast, the green fluorescent signal of the ⌬iglC mutant showed a decrease to 13% at 4 hpi and remained low until 48 hpi.
In addition to these visual analyses, we used quantitative PCR to establish the number of Francisella genomes in relation to host cell genomes at the indicated time points (Fig. 1G) . Overall, the results confirmed what had been observed with the previous approaches. The number of F. noatunensis subsp. noatunensis wt genomes increased, after an initial reduction at 4 hpi by 2.3-fold, until 48 hpi. In contrast, when cells infected with F. noatunensis subsp. noatunensis ⌬iglC bacteria were analyzed, the number of genomes decreased rapidly, suggesting complete clearance of the bacteria. Taking into account that Francisella bacteria were not able to grow in Dictyostelium growth medium, these observations suggest that wt bacteria are able to infect and replicate within their Dictyostelium host cells in an IglC-dependent manner.
The attenuation of F. noatunensis subsp. noatunensis ⌬iglC bacteria was further confirmed in a multicellular organism using the zebrafish embryo model established by Brudal et al. (46) . Microinjections of F. noatunensis subsp. noatunensis were administered intravenously into the duct of Cuvier (see Fig. S3A in the supplemental material), and the course of infection was monitored by fluorescence microscopy (see Fig. S3B to G in the supplemental material) and F. noatunensis subsp. noatunensis-specific qPCR (see Fig. S3H in the supplemental material). Both methods showed a lower mean bacterial burden in the ⌬iglC group than in the wt group on day 3 and day 7 postinfection. The wt-infected zebrafish embryos were clinically observed through notably re-duced flight reaction (unpublished observation) compared to the other groups. All infected groups showed an increase in bacterial load from days 3 to 7, but the total number of F. noatunensis subsp. noatunensis genomes on day 7 was considerably lower in the ⌬iglC group. This experiment shows that F. noatunensis subsp. noatunensis ⌬iglC growth is also restricted in zebrafish embryos. The F. noatunensis subsp. noatunensis ⌬iglC mutant expressing IglC in trans (iglC ϩ ) partly regained wt growth performance in the embryos.
Francisella avoids phagosomal maturation in Dictyostelium in an IglC-dependent way. The phagosomal escape of Francisella is IglC dependent, and it is well established that escape from phagosomal maturation is a prerequisite for successful infection of Francisella (14, 17, 33, 63) . Therefore, we quantified the association of wt and ⌬iglC F. noatunensis subsp. noatunensis with established phagosomal maturation markers (55) over time using immunofluorescence microscopy. p80 is a putative Dictyostelium copper transporter that is enriched on phagosomes toward the late maturation stage (65) . Both Francisella strains showed strong accumulation of p80 at the early stage (67% of wt and 79% of ⌬iglC at 1 hpi); however, over the course of infection, the association of p80 with wt bacteria fell to 4% at 48 hpi ( Fig. 2A and B ). In contrast, p80 association with Francisella bacteria lacking iglC remained high (from 79 to 68%) over 48 h. We also followed the association of bacteria with VatA ( Fig. 2C to E), the cytosolic and catalytic subunit of the V-ATPase (76) . The presence of VatA on the vacuole containing bacteria is an indication that bacteria are present in an acidic, potentially bactericidal compartment (77) . Wt and ⌬iglC Francisella showed equal associations of more than 90% in VatA-positive compartments at 15 min postinfection, which dropped similarly for both strains until 1 hpi (Fig. 2E) . Contrasting with the constant drop in association observed for wt bacteria, the VatA association of ⌬iglC bacteria continued to fall only until 2 hpi and subsequently increased to 63% (6 hpi) and then remained stable. After phagocytosis, VatA was retrieved from the vacuoles containing bacteria in both strains and followed typical VatA dynamics in Dictyostelium (78), but only wt bacteria were able to escape the VatA-positive compartment permanently (Fig. 2C and D) . In contrast, the ⌬iglC mutant regained its VatA accumulation by either reassociation or reinfection. Taken together, the observed patterns suggest that F. noatunensis subsp. noatunensis wt bacteria are able to escape phagosomal maturation. Without IglC, the bacteria fail to escape and remain within the degradative maturation pathway.
Francisella bacteria are known to translocate very early in infection from their phagosome into the host cell cytosol in an IglCdependent fashion (18, 33, 75) . Therefore, we quantified the colocalization of Francisella bacteria with ubiquitin. Ubiquitination occurs only if bacteria are accessible to the host cell cytosol. Associations were counted using fluorescence microscopy with fixed samples at the indicated time points. In contrast to the wild type, which showed a stable ubiquitin association with 1 to 2% of the bacteria (Fig. 2F) , no association was observed with the mutant strain lacking IglC.
Finally, in Dictyostelium, phagosomal maturation ends with exocytosis of the ingested particle or bacterium (79) . In general, exocytosis is accompanied by a burst of F actin accumulation around the particle (78) . Therefore, we infected Dictyostelium cells expressing a red fluorescent actin marker (Lifeact-RFP) (80) with green fluorescent Francisella and used live fluorescence microscopy to follow their fate. Wt F. noatunensis subsp. noatunensis was observed to be evenly distributed within the host cell and showed only occasional, transient association with F actin (Fig. 2G ; see Movie S1 in the supplemental material). In contrast, ⌬iglC bacteria were found to be clustered in compartments and more frequently exocytosed, accompanied by a sudden flash of F actin ( Fig.  2H ; see Movie S2 in the supplemental material). These results support the model that, as in other host systems with various Francisella strains (33, 63, 75) , F. noatunensis subsp. noatunensis escapes the early phagosome in an IglC-dependent fashion into the cytosol of Dictyostelium, where it replicates.
Electron microscopic analyses reveal cytosolic Francisella. To confirm the subcellular localization of Francisella bacteria within Dictyostelium cells, ultrastrucural analysis was performed at 1, 4, and 24 hpi. Samples were either chemically fixed and processed by conventional room temperature dehydration or cryofixed with high-pressure freezing (HPF) and processed by freeze substitution in order to improve the ultrastructural preservation. With both methods, at 1 hpi, both F. noatunensis subsp. noatunensis wt and ⌬iglC resided within vacuoles with well-defined membranes (HPF, Fig. 3A , B, E, and F; chemical fixation, see Fig. S4A in the supplemental material). In addition, in the cryofixed samples, ruptured phagosomal membranes were observed for F. noatunensis subsp. noatunensis wt (see Fig. S5A and B in the supplemental material), but not with the ⌬iglC mutant strain. Similar events were also observed by fluorescence microscopy, in which F. noatunensis subsp. noatunensis wt bacteria were seen escaping a rupturing p80-positive compartment at 4 hpi (see Fig. S5C and D in the supplemental material). At 4 and 24 hpi, most F. noatunensis subsp. noatunensis wt bacteria were localized within the Dictyostelium cytosol without a surrounding membrane ( Fig. 3C and D; see Fig. S4B in the supplemental material) . In contrast to wt bacteria, F. noatunensis subsp. noatunensis ⌬iglC bacteria were located in vacuoles at 4 hpi as either single, multiple, or often partly digested bacteria (Fig. 3G) . In chemically fixed samples, bacteria, both phagosomal and cytosolic, were surrounded with electron-translucent areas, so-called halos (see Fig. S4A and B in the supplemental material), which were previously suggested to represent a bacterial capsule (17, 22) . However, in cryofixed samples, we could observe an electron-pale area only around cytosolic bacteria (Fig. 3) . This area represented weakly contrasted material and looked notably different from the halos around chemically fixed bacteria. Lectins specific for mannose, galactose, glucose, N-acetylgalactosamine, N-acetylglucosamine, or sialic acid-containing carbohydrates did not bind to this electron-pale zone (data not shown). At all stages, we observed great variations of the bacterial structure, from round to starlike shapes, in chemically as well as cryo-fixed samples, indicating that these shapes were not artifactual.
Francisella associates with autophagic markers. Pathogenic bacteria present in the host cell cytosol are known to interact with the autophagic pathway of the host cell (81); however, for Francisella, these interactions are disputed (21, 24, 25) . To complement current concepts and to gain further insight, we investigated the interaction of F. noatunensis subsp. noatunensis with the autophagic machinery in our system. We infected Dictyostelium cell lines expressing one of the following GFP-tagged proteins with F. noatunensis subsp. noatunensis wt expressing mCherry: ubiquitin, which labels substrates for autophagic degradation; p62, a ubiquitin scaffolding protein; or Atg8, which is required for the formation of autophagosomal membranes. The association of bacteria with the respective marker protein was quantified via live-cell fluorescence microscopy ( Fig. 4A to D) . During the early phase of infection (1 to 6 hpi), the association of bacteria with the marker proteins remained below 3%. At the late stage of infection (24 hpi), the associations with ubiquitin and p62 rose to 5 and 9%, respectively. In contrast, the association with Atg8 remained at a low but constant level (1 to 2%) throughout infection. Electron microscopy on HPF sections revealed that formerly cytosolic F. association with F. noatunensis subsp. noatunensis (red) wt and ⌬iglC at 1 and 6 hpi. Three independent experiments were conducted for each time course, with representative micrographs at 1 and 6 hpi. (F) Ubiquitin (Ub) association of F. noatunensis subsp. noatunensis wt over 48 h (means Ϯ SEM; n ϭ 3 or 4). The inset shows ubiquitin-positive (green) and -negative (red) examples of F. noatunensis subsp. noatunensis wt. Ubiquitinated ⌬iglC bacteria were not detected. A minimum of 100 bacteria were counted for association studies. (G and H) Time frames of Dictyostelium Lifeact-RFP cells (red) infected with GFP-expressing F. noatunensis subsp. noatunensis wt (green) at 18 hpi (G) and ⌬iglC at 2 hpi (H). The areas of interest are boxed, and the insets show the red channels of the regions of interest. In panels B and D, the arrows indicate marker-positive compartments and the arrowheads indicate marker-negative bacteria; in panel H, the arrow indicates exocytosed bacteria. Scale bars, 5 m. Unpaired, two-tailed t test: *, P Ͻ 0.05; **, P Ͻ 0.01. noatunensis subsp. noatunensis wt bacteria were enclosed inside a vacuole, which in addition contained ribosomal structures and could therefore represent autophagosomes (see Fig. S4C and D in the supplemental material).
mRNA levels of autophagic genes are slightly upregulated. To quantify activation of autophagy in infected Dictyostelium cells, we measured the amounts of mRNAs of selected host cell genes at different time points during infection by qRT-PCR (Fig.  4E) . The amounts of atg8 and p62 mRNA were compared to a mock control (uninfected cells). Infected Dictyostelium wt cells showed slightly increased (1.5-to 2-fold) atg8 mRNA levels compared to the mock control in the early phase of infection; however, it was significant only at 2 and 6 hpi. In the late phase, from 24 to 48 hpi, atg8 mRNA levels dropped to levels similar to those observed for the mock control. The amount of p62 mRNA was slightly elevated at 6 and 24 hpi.
Increased bacterial burden in Dictyostelium cells lacking functional Atg1. Analyses of cellular markers and mRNA levels argue for activation of the autophagic pathway by F. noatunensis subsp. noatunensis in the Dictyostelium-Francisella system. To investigate the impact of autophagy on the outcome of infection, we monitored Francisella infection in Dictyostelium atg1 knockout cells (⌬atg1) (57) . Atg1 (Ulk1/2) is a key component of the canonical autophagy initiation complex, and the Dictyostelium ⌬atg1 mutant is strictly impaired in autophagy (82) .
Fluorescence microscopy was used to establish the number of bacteria in Dictyostelium ⌬atg1 cells (Fig. 4F) . In the early phase of infection (up to 6 hpi), wt F. noatunensis subsp. noatunensis followed similar courses of infection for wt and ⌬atg1 host cells, with gradually decreasing infection rates and bacterial burden per cell. However, at a late stage, ⌬atg1 host cells showed a significantly higher infection rate at 24 (wt, 24.2%; ⌬atg1, 37.6%) and 48 (wt, 11.7%; ⌬atg1, 23.5%) hpi and more bacteria per cell than Dictyostelium wt cells (Fig. 1D) . In addition to single-cell counting, we followed the infection by applying flow cytometry (Fig. 4G) . The results agreed with the manual counting and revealed a significantly stronger increase of the bacterial burden in Dictyostelium ⌬atg1 cells than in the wt from 24 hpi onward.
F. noatunensis subsp. noatunensis shows a higher degree of ubiquitin association in ⌬atg1 cells. The higher bacterial burden in the Dictyostelium ⌬atg1 mutant suggests that F. noatunensis subsp. noatunensis interacts with the autophagic machinery. To determine if there is a difference in the escape from phagosomal maturation when the autophagic machinery is impaired, we quantified the association of established phagosomal maturation markers with F. noatunensis subsp. noatunensis over the course of infection using fluorescence microscopy. The association of bacteria with p80, as well as VatA, showed no significant difference between Dictyostelium wt and ⌬atg1 cells (see Fig. S6A and B in the supplemental material). However, the association of bacteria with ubiquitin increased significantly in Dictyostelium ⌬atg1 cells, from 3% (6 hpi) to 27% (24 hpi) and eventually 51% at 48 hpi (see Fig.  S6C and D in the supplemental material). Thus, the inital courses of infection (up to 6 hpi) are comparable in wt and ⌬atg1 host cells regarding phagosomal maturation and bacterial burden. In contrast, the late stage is characterized by a higher bacterial burden in ⌬atg1 cells, which is accompanied by an accumulation of ubiquitin-associated bacteria.
DISCUSSION
Our data reveal that F. noatunensis subsp. noatunensis infects Dictyostelium and that the course of infection recapitulates the infection of mammalian macrophages ( Fig. 5A and B) (14, 17, 21, 33) . As with other pathogenic bacteria (54, (83) (84) (85) (86) , Dictyostelium was not able to feed on a lawn of F. noatunensis subsp. noatunensis. The lack of growth on avirulent F. noatunensis subsp. noatunensis ⌬iglC suggests either that IglC is not the only virulence factor that provides resistance against the amoeba or that Dictyostelium is in general unable to efficiently digest the bacteria.
F. noatunensis subsp. noatunensis is ingested via phagocytosis by Dictyostelium and initially resides in a de novo-formed phagosome. Subsequently, as with F. tularensis in other host cells (14, 17, 18, 25, 33) , F. noatunensis subsp. noatunensis bypasses phagosomal maturation and escapes into the cytosol (Fig. 5) (14, 17, 18, 25, 33) . F. tularensis has been shown to associate with early and late endosomal markers and escapes the phagosome in mammalian cells at the early stage of infection (1 to 8 hpi) (17, 18, 25, 33) . This time correlates with the observed cytosolic translocation in Dictyostelium, as monitored by the association of wt F. noatunensis subsp. noatunensis with p80 and electron microscopy analyses. Similar to F. tularensis (21) , the association of F. noatunensis subsp. noatunensis with ubiquitin confirms the bacterial presence in, or accessibility to, the cytosol in Dictyostelium. The low number of associations could be due either to a constant turnover of ubiquitin (87) or, possibly, to the shedding of bacterial outer proteins acting as a decoy for the host cell, as has been described for mycobacteria (88) . The escape from phagosomal maturation in Dictyostelium is dependent on the Francisella virulence factor IglC. In contrast to the F. noatunensis subsp. noatunensis wt, the iglC deletion mutant follows the classical phagosomal maturation pathway, as described for latex beads or nonvirulent bacteria in Dictyostelium (51, 78, 89) that remain within an endosomal compartment with no colocalization with ubiquitin. Eventually, the bacteria are exocytosed, as observed by live microscopy.
A major hallmark of phagosomal maturation is the acidifica- tion of the newly formed phagosome. Previous studies showed transient acidification of the F. tularensis-containing phagosome in the early phase of infection, but its impact on the course of infection is disputed (14, 15, 32) . The F. noatunensis subsp. noatunensis-containing phagosome in Dictyostelium associates with the V-ATPase subunit VatA, suggesting acidification. The virulence factor IglC has been associated with a protective role against acidification (63) . However, the apparently iglC-independent VatA association observed in Dictyostelium suggests that avoidance of acidification occurs by escape from the phagosome (17, 63) rather than by active regulation. The increase of F. noatunensis subsp. noatunensis bacteria in Dictyostelium starts in the late phase of infection and coincides with bacterial presence in the cytosol. This is in accordance with our zebrafish model system, which revealed an intracellular generation time of 43 h for F. noatunensis subsp. noatunensis wt (62) . Also, in Dictyostelium, the attenuated phenotype of F. noatunensis subsp. noatunensis ⌬iglC recapitulates what is observed in mammalian cells, where ⌬iglC bacteria are not able to replicate inside their restricted vacuoles (18, 75) . The attenuation of F. noatunensis subsp. noatunensis ⌬iglC in zebrafish embryos corroborates the Dictyostelium phenotype in a multicellular organism featuring an innate immune system. These observations sustain the concept of using Dictyostelium as a platform for Francisella mutant screening and characterization.
Our ultrastructural analyses of HPF Dictyostelium cells infected with F. noatunensis subsp. noatunensis confirm that Francisella bacteria are indeed extremely polymorphic and indicate that the electron-translucent area around bacteria in chemically fixed samples is a fixation artifact. For chemically fixed F. tularensis in macrophages, a similar zone has been suggested to represent a capsule made of the polysaccharide O antigen (22) . Nevertheless, in HPF samples, cytosolic bacteria were surrounded with an electron-pale area, which appeared to contain weakly contrasted material. We could not label this area with multiple lectins, which indicates that it is not enriched in certain carbohydrates.
In contrast to Dictyostelium, Francisella infection of other amoebae, such as A. castellani and H. vermiformis, follows a very different course. In the latter amoebae, the bacteria are found to replicate intracellularly in vacuoles and do not seem to translocate into the host cell cytosol (3, 48) . In A. castellani, frequent cyst formation was observed, which was induced by the bacteria and might contribute to long-term survival of Francisella in the environment (3, 48) . This different life cycle of Francisella in Dictyostelium compared to other amoebae suggests that Dictyostelium does not play a role in environmental transmission (Fig. 5) . Instead, the susceptibility of Dictyostelium to F. noatunensis subsp. noatunensis and features shared with the mammalian system highlight evolutionarily conserved factors and common mechanisms between Dictyostelium and mammalian phagocytes.
Francisella has been described as interacting with the autophagic machinery; however, the impact and relevance of this interaction on the course of infection are debated and vary between host cell types (21, 24, 25) . In Dictyostelium, the complete autophagic pathway is fully conserved, and its genetic tractability allows the dissection of F. noatunensis subsp. noatunensis interaction with the autophagic machinery. In Dictyostelium ⌬atg1 cells, F. noatunensis subsp. noatunensis growth is increased, which is not caused by drastically altered phagosomal maturation, but rather, coincides with bacterial association with autophagy markers. This suggests a degradative role for autophagy in the Dictyostelium-F. noatunensis subsp. noatunensis system. Also, in Atg5 Ϫ/Ϫ murine embryonic fibroblasts lacking canonical autophagy, the bacterial burden of F. tularensis was increased, reflecting the protective role of autophagy in Francisella infection (24) . However, this was not the case in Atg5 Ϫ/Ϫ murine bone marrow-derived macrophages (21) , thus highlighting the cell-type-specific role of autophagy in Francisella infection. In addition, Francisella infection of wt Dictyostelium cells was accompanied by increased levels of p62 and atg8 mRNA in the early phase of infection and decreased atg8 mRNA levels at 48 hpi. Overall, this indicates a dynamic interaction with the autophagic machinery that is dependent on the time during infection.
Altogether, we demonstrated that F. noatunensis subsp. noatunensis passes through a course of infection in Dictyostelium comparable to that of F. tularensis in macrophages, including the effect of the bacterial virulence factor IglC and interaction with autophagy as a host defense mechanism. Further highlighting the power of this model organism, Dictyostelium provides a wide range of genetic and chemical tools that can be used to facilitate a detailed dissection of host-pathogen interactions (51, 90) . Therefore, the Dictyostelium-Francisella system is an excellent addition to current models of Francisella infection and expands our repertoire of tools to uncover the principles of virulence and host cell defense mechanisms.
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